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Abstract The use of fire is essential for the preparation of hafting adhesives;
both are suggested to be a proxy for distinguishing the technological expertise
and complex cognition among Palaeolithic populations. While use of fire has
been argued to exist from about 1.0 Ma onwards, evidence for adhesives in the
Palaeolithic record is rare and fragmented. In spite of the close link between
fire places and adhesives, no study has ever focussed on examining the impact
of heat on adhesive deposition and preservation. This paper discusses the
results of a combustion experiment that was undertaken to understand the
impact of heat exposure on hafting adhesives. The results have significant
implications for archaeological interpretations. Deposition in or near a fire
proves to severely impact the types of residues that preserve on a stone tool.
The vertically transferred heat is responsible for the loss of adhesives but also
for the incidental production of adhesives and their deposition on stone tools. It
can be hypothesised that the rare survival of adhesives on archaeological stone
tools might not only be the result of direct contact with the fire but also the
result of degradation due to heat from overlying fireplaces. If we are to
improve our understanding of the preservation of adhesives, it is important to
unstand the taphonomic processes that affect these adhesives, in particular heat
alteration.
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Introduction
The use of fire has been argued to exist from about 1.0 Ma onwards based on evidence
of burnt bone and plant ashes (Berna et al. 2012). Direct evidence for fire production is
more difficult to identify. Such direct evidence may consist of strike-a-lights (i.e. a flint
or siliceous rock used in a stone-on-stone percussion or friction in combination with
sulphuric iron cobbles) or the recovery of used manganese (Heyes et al. 2016) or
sulphuric iron cobbles (Weiner and Floss 2004). This evidence for fire production is
much younger (Sorensen et al. 2014). Aside from one potential strike-a-light at the
Middle Palaeolithic site of Bettencourt (Rots et al. 2016), strike-a-lights only occur on a
regular basis from the Late Palaeolithic onwards (Rots 2012; Stapert and Johansen
1999), and it has been argued that stone tools may have been used in a more
opportunistic way as strike-a-lights during the Middle Palaeolithic (Sorensen et al.
2014).
The rare preservation of strike-a-lights and the difficulty in correlating the evidence
of fireplaces with the production of fire (Sandgathe 2017; Sandgathe et al. 2011) has led
some researchers to focus on indirect proxies, like evidence of birch pitch, to confirm
the production and use of fire during the Middle Palaeolithic period (Roebroeks and
Villa 2011). It is assumed that birch pitch requires an advanced knowledge of
pyrotechnology because it would only produce within a temperature range of 270
and 400 °C (Koller et al. 2001; Schenck and Groom 2016), but this has recently been
contested (Kozowyk et al. 2017b).
Adhesive technology plays an important role in the debate on the cognition of
different human species. Hafting composite technologies (with or without the use of
adhesives) are considered to be another significant innovation in human history
(Ambrose 2001; Barham 2013; Keeley 1982; Rots 2010; Semenov 1964), apparently
proving that the toolmaker was capable to unite several separate elements into a single
tool (Rots 2003; Wynn 2009). It requires the combination of expertise from both stone
technology and organic technology (Rots 2003, Fig. 1). If glue is used, it also requires
extensive knowledge regarding its properties, its collection and production. In this
perspective, a distinction should be made between natural plant products (e.g. resin,
gum), distilled plant products (e.g. birch pitch) and hydrolysed animal products (e.g.
sinew glue) used as adhesive. The manufacturing of these three adhesive groups all
require heat produced by a fire, but the necessary heat intensity and duration to
manufacture these adhesives are different. Natural plant products require low temper-
atures for a short duration to transform them into an operational adhesive (Clarke 2012;
Dickson 1981). If the heat is too intense or enduring, these natural plant products will
become brittle and will lose their adhesion properties (Parr 1999; Wadley 2005).
Hydrolysed animal products are manufactured by the denaturation of collagen at low
temperatures (55–63 °C) (Schellmann 2007) during a relative long period of time (from
10 h up to several days). The manufacturing of distilled plant products necessitates
higher temperatures (between 250 and 500 °C) in an anaerobic environment (Kozowyk
et al. 2017b). The obtained distilled product will be destroyed by charring with
prolonged exposure to these high temperatures (Koller et al. 2001). In addition, natural
plant products are also often mixed with a fatty plasticiser (e.g. beeswax, animal grease)
to reduce their brittleness and are loaded with various other intentional or incidental
fillers (e.g. ochre (generic term for any ferruginous rock that contains iron oxide or iron
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hydroxide (Cornell and Schwertmann 2003)), bone, charcoal, plant fibres) (Audouin
and Plisson 1982; Dickson 1981; Gaillard et al. 2015; Kamminga 1982; Rots 2002,
2010).
The preparation of compound adhesives, which are known to be used in the
Palaeolithic period (see Table 1 for references), requires heating to obtain a homoge-
nous mixture (Allain and Rigaud 1986; Dickson 1981; Kamminga 1982). The distil-
lation process of birch pitch and the manufacturing of compound adhesives have been
used as proxies for complex cognition among Neanderthals (Wragg-Sykes 2015) and
modern humans (Wadley 2010; Wadley et al. 2009), respectively.
Given the importance of adhesives in current debates, surprisingly, little is known
about Palaeolithic adhesive technology. This is because archaeological evidence for
production structures for the manufacture of adhesives is absent in this period, although
it has been suggested that the presence of dark-organic residue on a sandstone pebble of
Inden-Altdorf could have been the result of pitch production (Pawlik and Thissen
2011). In addition, the archaeological evidence for adhesive use is rare for this time
(N = 28; see Table 1) despite the long time period of its first attested use at the end of
the Middle Pleistocene (Mazza et al. 2006) (Table 1). Moreover, from the 28 residual
deposits that are interpreted as hafting adhesives, 11 are identified based on macro- or
microscopic visual criteria only. Only six out of 25 are analysed by gas chromatogra-
phy–mass spectroscopy (GCMS) which is currently the most robust technique for
reliably identifying archaeological organic adhesives (Bradshaw et al. 2013; Evershed
2008; Matheson and McCollum 2014; Martine Regert 2004). The remaining adhesives
were analysed either with techniques that provide indicative data only (e.g. optical
microscopy, scanning electron microscopy coupled with energy-dispersive x-ray spec-
troscopy (SEM-EDS) (Pawlik and Thissen 2011; Villa et al. 2015; Yaroshevich et al.
2013)) or with techniques that are only in an exploratory phase for adhesive analysis
(e.g. Fourier transform infrared spectroscopy (Daher and Bellot-Gurlet 2013; Monnier
et al. 2017; Prinsloo et al. 2014)). A prerequisite for any of these analyses is, however,
that the observed residue was intentionally deposited on the stone tool in view of
hafting and that incidental deposition through other processes can be excluded. Various
lines of evidence can be used to argue for an intentional deposition. The strongest
Fig. 1 Adhesive mixtures used in the experiment: sinew glue; birch pitch and beeswax; resin and beeswax;
resin, beeswax and ochre
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Inden Altdorf, Germany 5 OM, SEM-EDX Birch tar Pawlik and
Thissen 2011
Campitello, Italy 5 OM, FTIR, GCMS Birch tar Modugno et al. 2006;
Mazza et al. 2006
Sodmein, Egypt 5 OM Resin mixed with ochre Rots et al. 2011
Sibudu, South Africa 5 Rots et al. 2017
Umm el Ttell, Syria 4 GCMS Bitumen Boëda et al. 2008
Rose Cottage Cave,
South Africa
4 OM Resin mixed with ochre Gibson et al. 2004
Madjebebe, Australia 4 OM Resin mixed with ochre Clarkson et al. 2015,
2017
Sibudu, South Africa 3 OM Resin mixed with ochre Lombard 2007
Border Cave, South
Africa
3 GCMS Lump of beeswax,
Euphorbia tirucalli




d’Errico et al. 2012
Border Cave, South
Africa
3 GCMS Podocarpus bark pitch Villa et al. 2012
Die Kelders, South
Africa
3 Optical observation Ochre stains Thackeray 2000
Königsaue, Germany 3 GCMS Birch tar Koller et al. 2001
Enkapune Ya Muto,
Kenya
3 Optical observation Ochre stains Ambrose 1998
Umm el Ttell, Syria 3 GCMS Bitumen Boëda et al. 1996
Warratyi rock shelter,
Australia
3 OM Resin Hamm et al. 2016
Ngarrabullgan Cave,
Australia








Hummal, Syria 3 GCMS Bitumen Hauck et al. 2013
Hummal, Syria 3 OM, SEM,
CRM, FTIR







Les Vachons, France 3 OM,
SEM-EDX
Birch tar Dinnis et al. 2009
Cueva Morin, Spain 3 SEM, FTIR Resin Bradtmoller
et al. 2016
Apollo 11, South Africa 3 Optical observation Mastic Wendt 1976
Lascaux, France 3 Optical observation Resin mixed with ochre Leroi-Gourhan and
Allain 1979
Cueva Morin, Spain 2 SEM, FTIR Resin mixed with fat Bradtmoller et al. 2016
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evidence is provided when an imprint of a handle is visible (Mania and Toepfer 1973),
even though adhesives may also just serve as a wrapping (Rots 2010), which seems to
be the case for the Campitello evidence (Mazza et al. 2006). Also specific hafting wear
in the same area as the residues is convincing evidence (Rots 2003, 2010) (e.g.
Sodmein Cave (Rots et al. 2011), Sibudu Cave (Rots et al. 2017)). The organisation
of preserved residues on the stone tool may occasionally be indicative (e.g. Campitello
(Mazza et al. 2006), Umm el’Tlel (Boëda et al. 1996), Sibudu Cave (Lombard 2008)).
Finally, the identification of a specific tool use that necessitates hafting (e.g. projectiles)
may provide support if based on use-wear evidence.
The rare evidence of hafting adhesives in the Palaeolithic record is the result of five
factors: (1) the fragile nature of organic hafting adhesives, making them sensitive to
chemical and bacterial alteration; (2) the difficulty of recognising small quantities of
preserved adhesives with reasonable certainty based on macroscopic visual observation
and the need for chemical confirmation based on GC-MS; (3) the lack of a systematic
screening of collections in search of hafting adhesives (based on a robust set of criteria);
(4) potential retooling processes aimed at the re-use of adhesives and (5) the fact that
not all hafted stone tools require adhesives to secure them.
Few studies (Regert et al. 2001; Regert 2004) are available on how adhesives alter
through time or which processes affect their preservation. Probably the most destructive
of all processes is heat alteration by combustion. It is a crucial process to examine as a
fireplace is needed to produce and use adhesives in hafting and to soften them in the
case of retooling (Rots and Williamson 2004; Sahle et al. 2012; Weedman 2006).
Indeed, it has been documented archaeologically that retooling often happens around
the hearth (e.g. Caspar and De Bie 1996; De Bie and Caspar 2000; Keeley 1982) and
that stone tools once glued to a haft may frequently have been discarded in or around
the hearth (Audouze and Beyries 2007; De Bie and Caspar 2000; Keeley 1982) where
they may be—unintentionally—subjected to more heat or even direct fire, which is
attested archaeologically by heat-altered once-hafted tools (Tomasso and Rots 2017).
Stone tools may also become buried underneath hearths over time and may become
heated through continued fireplace usage (Aldeias 2017). Previous combustion exper-
iments have shown that the sediment right underneath a fire can reach up to 700 °C
through vertical heat conduction (Aldeias et al. 2016; Werts and Jahren 2007). How
much a fire affects underlying artefacts is difficult to assess because the conduction of
heat throughout the sediment depends on several variables (e.g. soil humidity, sediment
type) (Aldeias 2017). Alteration due to heat from an overlying fireplace has been












Bitumen Cârciumaru et al. 2012
Gransmoor, United
Kingdom
2 Unknown Pinus tar Sheldrick et al. 1997
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and seeds (Sievers and Wadley 2008). Similarly, this vertical heat exposure may lead to
the partial or even complete destruction of these fragile organic adhesives. By contrast,
the horizontal heat transfer from combustion appears to be minimal (Aldeias 2017) and
less damage is expected. However, exposure to heat may affect patina formation, as it is
known that dehydration of silica results in a discolouration of the flint (Ortiz Nieto-
Márquez and Baena Preysler 2015; Sergant et al. 2006).
The few preserved Palaeolithic adhesives that were visible to the naked eye were
discovered by chance. Recent research has demonstrated that adhesives may also occur in
microscopic quantities (Lombard and Wadley 2007; Rots et al. 2011, 2017), not neces-
sarily visible to the naked eye, and the few known cases are most probably a major
underestimation of what has truly been preserved on stone tools. Moreover, microscopic
quantities of adhesives are probably not affected by cultural variations in retooling
processes potentially involving a systematic re-use of adhesives for hafting (Rots and
Williamson 2004). They are thus more reliable for understanding when adhesives become
an integrated part of tool technology. Aside from the need for systematic microscope
screening of stone tools, the problem remains that several deposits are visually very
similar to adhesives, such asmanganese, iron oxide, iron concretions along roots, charcoal
or fine sediment. Expert knowledge on organic and mineral depositions is thus required.
While SEM-EDS analysis may confirm the organic nature of a residue, spectroscopic
methods (FTIR and Raman) may enable the distinction between some classes of organic
residues. A precise and reliable molecular identification of these complex degraded
mixtures, however, can only be obtained through GC-MS (Evershed 2008; Regert
2004) While traditional GC-MS is destructive, a non-destructive alternative based on
the analysis of volatile components (HS-SPME-GC ×GC-HRTOFMS) has recently been
successfully tested ((Cnuts et al. n.d.)) Independent from that, the cause of the residue
deposition needs to be identified. Both a taphonomic origin and an unintentional depo-
sition during the lifecycle of a stone tool need to be excluded. Indeed, the heat treatment of
silcrete possibly deposits a black opaque pitch on the cortical side of the flakes (Schmidt
et al. 2015) which should not be confused with a hafting adhesive. Clarifying whether a
residue is incidental or intentional and whether it may be linked with hafting generally
requires the integration of use-wear analysis (Rots et al. 2016).
This research aims at investigating (1) the visual effect of heat exposure on adhesive
deposition and preservation by monitoring heat intensity and duration in, underneath
and next to a fire, and (2) the deposition of incidental combustion residues on stone tools
when buried underneath or near a fire. Visual criteria are subsequently proposed that
allow distinguishing between environmental, incidental and possible hafting residues.
Materials and Methods
Materials
One hundred and twenty seven experimental flakes were produced out of Harmignies
(BE) flint by an experienced knapper. Adhesives were added intentionally on both
surfaces of 109 tools. Five different mixtures (Table 2) were prepared at the TraceoLab,
University of Liège. The mixtures were heated using a hot plate and the ingredients
were mixed into a homogeneous mass while stirring with wooden sticks. Residues were
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transferred to the stone tool surfaces with a clean metal spoon and residues were first
deposited on the dorsal face of all tools. When dry, the same amount of residue was
deposited on the ventral face (Fig. 1).
All ingredients for the adhesive recipes were natural, except for the ochre that was
commercially obtained (Across). Resin was manually collected from local Picea abies
trees, birch bark was produced by dry distillation from local birch bark and beeswax
was provided by local beekeepers.
Fireplace Experiments
In a first experiment, flakes with adhesives on both faces were deposited in the
proximity of, in and underneath two fireplaces (A and B) (Table 3) to investigate the
effect of both horizontal and vertical heat transfer (Fig. 2). One fireplace was fuelled
with dry resinous wood, the other with both resinous wood and fresh pig bones (Fig. 3a,
b). Both fires were maintained for 8 h on day 1 of the experiment. On day 2 the wood
fire (C) was maintained for a further 5 h. The fires were ignited with small twigs and
bark tinder and wood was gradually added. Temperatures were recorded every 30 min
with a pyrometer in all locations where artefacts were placed (Fig. 3c, d).
In a second experiment, flakes were placed onto and underneath resinous wood and
birch bark and covered with clay on which the fireplaces (D and E) were constructed
(Table 3). This experiment was conducted to verify whether incidental pitch would be
created if conditions were optimal (i.e. resinous wood or birch bark, oxygen-free
environment, temperature range of 250–400 °C; cf. (Dupont 1924; Charters et al.
1993; Koller et al. 2001)). To create an oxygen-free environment, buried flakes were
covered with a 4 cm layer of humid clay or wood ash (Fig. 4a–d). Both fires were left to
burn until they reached a temperature of 350 °C (45 min for ash and 2 h15 for clay) so
that potential pitch would not be destroyed. Five flakes with adhesives were deposited
into the hot ashes of one fire after it was left to burn down (Fig. 4e, f).
In a third experiment, a low heat fire (F) was maintained during 48 h to observe
whether incidental pitch residues could preserve after prolonged exposure to heat




































50% – 50% – 160 s
Sinew glue – – Capreolus
capreolus
sinew
100% – 8–10 h
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(Table 3). Resinous wood was buried at 10 cm underneath the fire and covered with a
3 cm layer of humid clay. The temperature at this location never exceeded 350 °C.
Analysis
The dorsal and ventral faces of the tools were photographed before and after the
application of hafting adhesives, but also immediately after the experiment. All residues
were then examined with a Zeiss stereomicroscope Discovery V.12 (magnifications up
to 120×), a Zeiss Macro-Zoom microscope V.16 (magnifications up to 180×) and a
Zeiss metallurgical incident light microscope (magnification 50 − 1000×) with rotating
polarizers and DIC (differential interference contrast).
The degree of alteration of the residues due to the fire was evaluated using three
qualitative attributes: residue loss, colour change, carbonization and change in
Table 3 Settings and measured temperatures for all experimental fireplaces
Name
fireplace
Temp °C Fireplace A Fireplace B Fireplace C Fireplace D Fireplace E Fireplace F
Fuel Pinus wood Pinus wood
and Sus
scrofa bones
Pinus wood Pinus wood Pinus wood Pinus wood
Duration 8 h 8 h 5 h 2 h45 1 h15 48 h
Sediment
cover
Clay Clay Clay Clay Ash Clay
Location 1 Max 22 30 27 – – –
Average 20 23 24 – – –
Location 2 Max 35 36 72 – – –
Average 26 27 56 – – –
Location 3 Max 846 914 795 720 704 646
Average 811 729 706 492 547 507
Location 4 Max 340 175 144 377 360 349
Average 240 105 102 179 223 208
Location 5 Max 33 27 38 – – –
Average 26 24 32 – – –
Fig. 2 Schematic cross-section of experimental fireplaces A, B and C indicating the locations where the stone
tools with the adhesives were deposited. 1. Between 30 and 15 cm from the edge; 2. Between 15 and 2 cm
from the edge; 3. At the bottom of the fireplace; 4. In the soil, 10 cm beneath the fireplace; 5. 15 cm from the
edge and 5 cm beneath the soil surface
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The effect of heat exposure in horizontal direction (location 1, 2 and 5) proved to be
minimal; it only affected the highly volatile adhesive ingredients (resin, birch pitch and
beeswax) on tools located in areas where the temperature exceeded 50 °C (Table 4). A
persistent exposure to temperatures above 50 °C resulted in a partial evaporation of
these ingredients, leaving only a thin film on the stone tool surface. The heat melted the
highly volatile adhesive ingredients, which dispersed more widely over the tool and
dripped into sediment (Fig. 5). Sinew glue was not affected by horizontal heat
exposure.
The heat exposure in vertical direction profoundly altered the adhesives. The
majority of stone tools that were place directly in the fire exploded. On all other tools,
the heat destroyed all the organic ingredients of the adhesives. The ochre (if present in
the mixture) was not destroyed but discoloured orange (Fig. 6). Mineral residues have
therefore proven to be resistant to extremely high temperatures (higher than 900 °C).
The stones in the fire changed colour, ranging from grey to white. One tool that was
Fig. 3 Experimental fireplaces A, B and C. a Fire built of resinous woods (fireplace A). b Fire built of
resinous woods and fresh bones (fireplace B). c Temperature at location 4 was measured at the end of a copper
tube that was placed near the stone tools underneath the fireplace (fireplace C). d Temperatures measured at
location 2 (fireplace A)
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recovered, in fact though severely heat-altered (i.e. cracks, decolouration), showed a
different colouration where the sinew glue was once present (Fig. 7).
Tools deposited in the hot ashes were also affected, but differences were observed
between the face-up and face-down surfaces. The face in direct contact with the hot
ashes was more heavily altered than the opposite face, indicating that the flint blocked
the transfer of heat to some extent.
The adhesives on stone tools buried beneath the fire (location 4) show the widest
range of alteration (i.e. residue loss, chemical transformation) depending on the
intensity of the heat, the chemical composition of the adhesive and in lesser degree
on the exposure time.
Fig. 4 Experimental fireplaces D, E. a Flakes that are placed underneath resinous wood or will be covered
under birch bark (fireplace D). b Flakes placed onto the birch bark and resinous wood (fireplace D). c Flakes
were covered with humid clay (fireplace D). d Flakes were covered with sieved ash (fireplace E). e Overview
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Again, the flint proved to block the transfer of heat and the surface oriented towards
the heat source suffered from a substantially higher loss of residue (Fig. 8). Differences
were observed between the adhesive types. Sinew glue, composed of proteins,
carbonised at temperatures higher than 200 °C (Fig. 9) at which time it lost its adhesive
properties—the adhesive became brittle and detached during the recovery of the stone
tool. The volatile components (resin and birch pitch, both mixed with beeswax) were
mostly evaporated into sediment (Fig. 10); leaving only microscopic visible traces on
the exposed surfaces while a thin film on the other surfaces remained (Fig. 11). Ochre
was preserved in the original locations on both stone tool surfaces, in spite of the
(partial) evaporation of the resin and beeswax (Fig. 12). Interestingly, the ochre on the
tool became orange on the dorsal surface, but remained red on the ventral surface.
Incidental Residues
Incidental residues were not produced or preserved on stone tools deposited in the fire;
presumably they were burnt away in the extreme temperatures. Near the fire, various
incidental residues were deposited on the stone tools. Resin and birch pitch mixtures
melted into a sticky mass due to an exposure to temperatures above 50 °C in horizontal
direction. Remains from the fire fuel, such as charred bone or charred wood (Fig. 13),
or plant remains from the surroundings of the fire (plant leaf fragments) adhered into
Fig. 5 Stone tools deposited near the fireplace A (location 2): melting of the resin and beeswax all over the
tools and dripping in the sediment
Fig. 6 Discoloured ochre on heat-altered flakes that were placed in the fire. a Ochre on dorsal surface of flake
77/34 (×40). b Ochre on ventral surface of flake 77/27 (×100)
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Fig. 7 Destruction of the sinew glue through the intense heat exposure. a Sinew glue on flake before exposed
to heat. b Different colouration of the flint surface where the sinew glue was once present (×8.2)
Fig. 8 Alteration of resin and beeswax on flake 77/03 buried beneath the fireplace A. a Dorsal surface before
heat exposure. b Dorsal surface after heat exposure, adhesive became invisible due evaporation. c Ventral
before heat exposure. d Ventral surface after heat exposure, adhesive partially evaporated and a visible film
remained
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this sticky mass. These remains mixed incidentally with the adhesive and would easily
be confused with intentional additives. In a similar way, ashes also attached to
adhesives when the stone tools were thrown into the glowing ashes.
Most interestingly, an incidental pitch formed on the surface of a stone tool that was
buried underneath the wood fire. The pitch proved to be incidentally formed by the dry
distillation of a dry wood fragment present in the sediment and unintentionally in direct
contact with the stone tool surface (Fig. 14). At an observed maximum temperature of
340 °C, the wood components (e.g. lignin, cellulose) chemically decomposed into light
fractions (e.g. water, acetic acid, methanol) that evaporated and heavy fractions (e.g.
terpenes) that condensed as a pitch (Dupont 1924) directly onto the stone tool surface.
The cellular matrix of the wood remained visible in spite of its complete carbonisation.
This observation has significant implications for small occurrences of adhesives on
stone tools found in association with evidence for a hearth. The functional origin of this
adhesive will need to be argued based on independent evidence.
Incidental Pitch Production
The incidental production of pitch during the fireplace experiment necessitated a more
detailed investigation of this phenomenon to verify whether incidental pitch was easily
reproduced if conditions were optimal. Pitch was formed from both resinous wood and
Fig. 9 Alteration of sinew glue on flake 77/92 buried beneath the fireplace A. a Overview of the carbonised
sinew glue on the ventral surface (×7.6). b Detail of the carbonised sinew glue (×90)
Fig. 10 Loss of residues in the sediment. a Flakes buried beneath the fireplace C. b Negative of the adhesives
from the ventral surface of the flakes after the heat exposure
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birch bark, but the distillation of resinous wood produced significantly more pitch than
birch bark (Fig. 15a, b). A visual difference also exists: pitch from resinous wood is a
brown, viscous deposit (probably due to the presence of resin oils), while pitch from
birch bark is less viscous and darker in colour (Fig. 15c, d). The use of a clay layer as a
sealer (to create a reductive atmosphere) led to more incidental pitch production than
Fig. 11 Adhesives traces that are only microscopically visible on flakes in location 4. a Preservation of a thin
film of heat-altered resin and beeswax (×200, cross-polarisation). b Preservation of a thin film of heat-altered
birch pitch and beeswax (×200)
Fig. 12 Evaporation of the resin and beeswax. a Only ochre remained on the dorsal surface (×11.2). b Less
destruction of the ochre, resin and beeswax on the ventral surface (×11.2)
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when an ash layer was used. This result may be explained by the higher sealing
capacity of clay due to its lower air permeability.
The 48-h fireplace experiment resulted in completely carbonised wood, but no
evidence of pitch was observed. Prolonged heat exposure destroyed all incidental pitch
that may have formed.
Discussion
The production and use of hafting adhesives is considered an important innovation in
the Palaeolithic record (Barham 2013; Wynn 2009) indicative of the technological and
cognitive capabilities of its makers, in particular when compound adhesives are
manufactured from a variety of natural ingredients (Wadley 2005, 2010; Wadley
et al. 2009; Wragg-Sykes 2015). In sharp contrast with its implications, the evidence
Fig. 13 Incidental residues on flakes at location 2 of fireplace B. a Adhesion of incidental charred bone on
resin and beeswax (×34.5). b Adhesion of incidental charred bone on resin, ochre and beeswax (×32.5). c
Adhesion of an incidental plant leaf on resin, ochre and beeswax (×5.6)
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for these adhesives in the Palaeolithic period is sparse and highly fragmented. This is
due to their fragile nature, the difficulty to recognise them visually and the lack of a
systematic screening of collections. Fireplaces by contrast are frequently recovered, and
given their close relation with adhesive production and use, their effect on adhesive
preservation may account for the observed patterning.
Our fireplace experiments succeeded in improving our understanding of the effect of
fire and heat on the deposition and preservation of adhesives and resulted in four major
findings with significant archaeological implications: (1) different ingredients of an
adhesive mixture react differently on the exposure to heat resulting in unequal preser-
vation; (2) the presence of an adhesive protects the stone tool against dehydration and
may result in a double patina; (3) remains present in a fireplace may get mixed into an
adhesive incidentally if a stone tool is discarded around a fire; and (4) an overlying
fireplace can destroy or severely alter hafting adhesives on buried tools and produce
incidental pitch in the sediment that may be deposited onto lithics.
A direct contact with fire destroys all adhesive types and ingredients except for
ochre that preserves in its original location marking where the adhesive once was. Also
a general discolouration of the stone tool surface occurs (Clemente-Conte 1997;
Sergant et al. 2006), which is caused by a dehydration of the silica. For the first time,
it could be demonstrated that the presence of an adhesive may lead to a differential
discolouration in the case of sinew glue when the stone tool is exposed to heat. This
effect may be generated by the deep penetration of sinew glue into the flint surface, as
Fig. 14 Incidental wood pitch on flake 77/106 at location 4 of fireplace A. a Incidental wood pitch on ventral
surface of the tool. b Piece of dry wood in the sediment under the fire. c Detail of wood pitch and partially
carbonised wood tissue (×16). d Detail of wood pitch (×65)
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the proteins get trapped into flint microcracks (Shanks et al. 2001). No discolouration
was observed in the case of resin or birch pitch mixtures probably because their higher
viscosity prevents penetration into the stone subsurface. Consequently, the results of the
experiment demonstrate that in spite of exposures to temperatures of 927 °C, indirect
evidence for adhesive usage may preserve in the form of ochre or a discoloured area.
An indirect contact with fire in the case of burial underneath or in close proximity to
a fireplace may also strongly affect adhesives. In such cases, the position of the tool
with regard to the heat source is crucial for the state of preservation of the adhesive.
Adhesives near the fireplace were less damaged than those buried underneath the fire
since the horizontal heat transfer was minimal. Nevertheless, the heat may be sufficient
for gently melting the adhesive, which increases the risk of contamination with
incidental residues that could be mistaken for intentional additives. Unequal adhesive
preservation between both tool surfaces occurs as a result of the stone tool orientation
with regard to the hearth. The poor conductivity of stone protects the non-exposed
surface where adhesives will remain better preserved than on the surface oriented
towards the heat source. Archaeological evidence of such a patterning was observed
on a large Levallois flake found in association with a large hearth at Sodmein Cave,
Egypt (Rots et al. 2011, Fig. 9). On this tool, an ochre band was observed on both the
dorsal and ventral face with associated likely resin remains only preserved in a small
zone of the dorsal face. The ochre band was interpreted as marking the haft boundary
Fig. 15 Incidental pitch production from fireplaces D and E. a Incidental resinous wood pitch. b Incidental
birch bark pitch
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and resulting from the application of a resin-ochre mixture of which the ochre pre-
served but the resin largely disappeared. The experimental results now confirm this
interpretation and support that the particular preservation pattern of the adhesive
mixture was indeed caused by the proximity of the tool to a large hearth
(Moeyersons et al. 1996). The fact that ochre is an adhesive ingredient that is heat
resistant and outlasts the organic ingredients has significant archaeological implications
and may support the link between ochre residues and the use of adhesives in certain
cases, such as in the case of the ochre deposits on stone tools from Enkapune Ya Muto
(KE) (Ambrose 1998). In all such cases, a re-evaluation of the taphonomic context, in
particular the presence of hearths could provide useful data for explaining the presence
of the ochre on the stone tools.
The dripping or evaporation of the adhesives into the sediment suggests that
archaeological hafting adhesives may sometimes only preserve in the sediment and
can be traced by analysing the sediment that surrounds the stone tool.
It is generally assumed that pitch production requires specific conditions involving a
strict control of temperature (Koller et al. 2001; Schenck and Groom 2016), but a recent
study has challenged this assumption (Kozowyk et al. 2017b). Our experiment shows
that also burial beneath a fireplace may lead to the production of pitch and its incidental
deposition on stone tools. A maximum temperature of 340 °C, an anaerobic environ-
ment, a slow heat conduction rate and a piece of dry wood in incidental contact with the
stone tool surface are sufficient to produce small amounts of pitch. It is therefore
essential to systematically verify the nature of the formation or deposition of pitch. A
combination of residue and use-wear analysis allows filtering out incidental residues
(Rots et al. 2016). It was furthermore established that pine pitch production is more
straightforward than birch pitch production, which raises questions about the lack of
pine pitch in the Palaeolithic record as both behave similarly under impact forces
(Kozowyk et al. 2017a). GC-MS analysis should in the future shed light on the
chemical composition of incidental pitch in comparison to intentionally produced pitch.
Conclusion
The influence of fire should be taken into account when studying hafting adhesives as it
may partly explain the rare presence of adhesives in the archaeological record, the
presence of mineral residues as well as the occurrence of incidental residues. Vertical
heat exposure may lead to an evaporation of volatile organic ingredients, leaving only
mineral components (i.e. ochre) behind. Incidental presence of wood underneath a
fireplace may lead to its transformation into pitch and a transfer onto stone tools
through incidental contact. Horizontal heat exposure may lead to adherence of inci-
dental residues into an adhesive, which may be confused with intentional additives.
The observation that fire may reduce adhesives into microscopic quantities stresses
the need for a systematic screening of stone tools in order to shed more light on when
adhesives became an integrated part of tool technology. Incidental production of pitch
emphasises the importance of an integrated approach that involves an examination of
use-wear to confirm the intentional nature of an adhesive before using it as a proxy for
fire production or complex cognition. Future molecular analysis with GC-MS will
enable a further understanding of the chemical transformation of adhesives due to heat
The Role of Fire in the Life of an Adhesive
exposure and to verify whether incidental wood pitch has the same chemical compo-
sition as its intentional variant.
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